Temporal coherence and indistinguishability in two-photon interference effects 
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We show that temporal two-photon interference effects involving the signal and idler photons 
created by parametric down-conversion can be fully characterized in terms of the variations of two 
length parameters — called the biphoton path-length difference and the biphoton path-asymmetry- 
length difference — which we construct using the six different length parameters that a general two- 
photon interference experiment involves. We perform an experiment in which the effects of the 
variations of these two parameters can be independently controlled and studied. In our experimental 
setup, which does not involve mixing of signal and idler photons at a beam splitter, we further report 
observations of Hong-Ou-Mandel- (HOM-)like effects both in coincidence and in one-photon count 
rates. As an important consequence, we argue that the HOM and the HOM-like effects are best 
described as observations of how two-photon coherence changes as a function of the biphoton path- 
asymmetry-length difference. 



In the past few decades, much attention has been de- 
voted to the study of two-photon interference effects in- 
volving the signal-idler pair of photons (also called bipho- 
tons) produced by parametric down-conversion (PDC) 
DIlEllllSlElCaiSHSlliniin]- The Hong-Ou-Mandel 
(HOM) effect [2], two-photon fringes in a Franson inter- 
ferometer [3J IH [S], induced coherence without induced 
emission [5J , frustrated two-photon creation [7] , and post- 
poned compensation jS] are some of the very interesting 
temporal two-photon interference effects observed among 
many others. All of these effects have been explained us- 
ing the mathematical framework worked out by Glauber 
[12] . However, different conceptual pictures have often 
been used to describe them. 

In this Rapid Communication, we construct two length 
parameters — the biphoton path-length difference and the 
biphoton path-asymmetry-length difference — in terms of 
the six different length parameters that a general two- 
photon interference experiment involves. We show that 
temporal two-photon interference effects, independent of 
the experimental setup, can be fully characterized in 
terms of the variations of these two parameters only. We 
perform an experiment in a double-pass setup in which 
the variations of these two parameters can be indepen- 
dently controlled and studied. In this setup, which does 
not involve mixing of signal and idler photons at a beam 
splitter, we further report experimental observations of 
"HOM-like" effects. HOM [2] and HOM-like effects 019] 
have so far been observed only in those setups that in- 
volve mixing of signal and idler photons, arriving either 
simultaneously [2] or in a postponed manner 0, at a 
beam splitter. As an important consequence, we ar- 
gue that HOM and HOM-like effects can be best under- 
stood as observations of how the degree of two-photon 
coherence changes as a function of the biphoton path- 
asymmetry-length difference defined below. 

We begin by describing two-photon interference in 
terms of the superposition of two-photon probability am- 
plitudes [12, 13j and represent a general two-photon two- 
path interference experiment by the two-photon path di- 
agrams of Fig. [I] Diagrammatic approaches have pre- 



viously also been used to describe two-photon interfer- 
ence effects (see Refs. [9]). For conceptual clarity, 
we consider only the polarization-independent, temporal 
two-photon interference effects, assuming perfect spatial 
coherence. Alternatives a and b are the two pathways by 
which a pump photon gets down-converted and the down- 
converted signal and idler photons get detected at single- 
photon detectors Da and Dq. Two- photon interference 
is observed in the coincidence count rate of detectors D\ 
and Db as long as these two alternatives are coherent, 
i.e., indistinguishable from each other. In a two-photon 
interference experiment, these alternative pathways can 
be introduced by using beam splitters [2 [8], by passing 
the pump beam twice through a crystal [7] , or even by us- 
ing two different crystals [B]. We take the pump wave to 
have a Gaussian spectrum with a coherence length F , . 
We also assume that the spectral width of the pump field 
is much smaller than that of the signal and idler fields. In 
Fig. [T] the subscripts p, s and i stand for pump, signal, 
and idler, respectively; I denotes the optical path length 
traveled by a photon; and <fi stands for phases other than 
the dynamical one such as phase acquired due to reflec- 
tions, geometric phase [HUH], etc. Thus l sa denotes the 
optical path length traveled by the signal photon in alter- 
native a, etc. The various path lengths and phases can 
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FIG. 1: (Color online) Schematic representation of two- 
photon interference using two-photon path diagrams. Alter- 
natives a and 6 are the two pathways by which a pump photon 
is down-converted and the down-converted photons are de- 
tected at single-photon detectors Da and Db in coincidence. 
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be used to define two length parameters and one phase 
parameter as follows: 
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Here l a (b) an d l' a (b) are the biphoton path length and the 
biphoton path-asymmetry length for alternative a(b). In 
a particular alternative, the biphoton path length is de- 
fined to be the mean of the optical path lengths traveled 
by the signal and idler photons added to the optical path 
length traveled by the pump photon. The biphoton path- 
asymmetry length is defined to be the difference of the 
optical path lengths traveled by the signal and idler pho- 
tons. AL is the difference of the biphoton path lengths 
l a and lb whereas AL' is the difference of the biphoton 
path-asymmetry lengths l' a and l' b . Notice that, if either 
AL or AL' is too large, alternatives a and b will become 
distinguishable and will no longer interfere. 

To quantify this point, we calculate the coincidence 
count rate Rab for detectors Da and Db in terms of 
AL and AL' . The detailed calculations will be presented 
elsewhere. However, it can be shown by generalizing the 
calculations of Refs. [T5J [TS] that 

-Rab = C[l + 1 (AL) 1 '(AL') cos(k Q AL + k d AL' + A</>)].(2) 

Here C is a constant, ko is the mean vacuum wave- vector 
magnitude of the pump wave while k^ = (k S Q — kio)/2, 
where k S Q and kio are the mean vacuum wave-vector 
magnitudes of the signal and idler fields. 7(AL) and 
7'(AL') are the normalized correlation functions of the 
pump and the signal-idler fields, respectively. The prod- 
uct ^'(AL')j(AL) is the degree of two-photon coherence. 
In the rest of this Rapid Communication, we consider 
only degenerate PDC in which case kd = 0. Also, for sim- 
plicity, we consider only type I phase matching and as- 
sume that the signal-idler field has a Gaussian spectrum 
with a coherence length l co h- Thus we have j(AL) = 
exp[-| (AL/l p coh ) 2 } and f(AL') = exp[-± (AL' /l coh ) 2 }. 
The general form of Eq. Q remains the same even 
for other phase matching conditions. However, for 
other phase matching conditions, the functional form of 
7'(AL') may not remain Gaussian or it may not even 
remain centered at AL' = [13 . 

We now look at the effects of varying AL and AL' on 
the coincidence count rate Rab of Eq. Q by considering 
two limiting cases. 

Case I. For AL' = and A<j> = 0, 



R AB = C [ 1 + 7 (AL) cos (k AL) }. 



(3) 



Interference is observed in the coincidence count rate as 
AL is varied and gets washed out once AL exceeds the 
pump coherence length. Thus AL plays the same role in 



two-photon interference as does the optical path-length 
difference in one-photon interference. It is because of 
this analogy that we call AL the biphoton path-length 
difference. The coincidence fringes seen in Franson-type 
interferometers jU [5] and in the double-pass setup [7] are 
examples of effects due to variations in AL. 
Case II. For AL and A0 fixed, 



Rab^CII + Kj' (AL')}, 



(4) 



where K = j(AL) cos (k^AL + A<fi) is constant. The co- 
incidence count rate can show a dip when the two alter- 
natives interfere destructively (K < 0) , and a hump when 
the two alternatives interfere constructively (K > 0), as 
AL' is varied. These profiles, with widths equal to Z co h, 
represent how the coherence between two biphoton al- 
ternatives changes with a variation in AL' . AL' has no 
one-photon counterpart. Effects observed in the HOM 
experiment [2] and in the postponed compensation ex- 
periment [8] are examples of two-photon interference ef- 
fects due to variations in AL' . In the HOM experiment 
[5], the effect was seen with AL = 0, whereas in the post- 
poned compensation experiment [8], the effects were seen 
in the limit Z coh < AL < l^ oh . 

In the HOM experiment the signal and idler photons 
from the PDC are mixed at a beam splitter. Both pho- 
tons, in the balanced position of the setup, always leave 
through the same output port of the beam splitter. As a 
result, a null is observed in the coincidence count rate at 
the balanced position, leading to a dip in the coincidence 
count rate as a function of the beam splitter position. An 
intuitive explanation of this effect can be given in terms 
of the bunching of signal and idler photons at a beam 
splitter |17j . However, the bunching interpretation is not 
adequate for the postponed compensation [8 and related 
experiments [S] in which HOM-like effects are observed, 
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FIG. 2: ( Color online) Schematic of the experimental setup 
and the corresponding two-photon path diagrams. In alterna- 
tive a, the pump photon gets down-converted in the forward 
pass while in alternative b, it gets down-converted in the back- 
ward pass. F is an interference filter with 10 nm bandwidth, 
centered at 727.6 nm; ID is an iris diaphragm. 
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FIG. 3: (Color online) Measured (a) coincidence count rate Rab, (b) count rate Ra, and (c) count rate Rb as a function of 
the idler mirror position. Measured (d) coincidence count rate 7?ab, (e) count rate Ra, and (f) count rate -Rb, as a function of 
AL' for various fixed values of AL. Solid lines are the theoretical best fits. 



even when signal and idler photons do not simultane- 
ously arrive at a beam splitter. As discussed above, both 
HOM and HOM-like effects are consequences of how two- 
photon coherence changes as a function of the biphoton 
path-asymmetry-length difference AL' . 

All these experiments required mixing of signal and 
idler photons at a beam splitter. In contrast, we next 
report our experimental observations of changes in two- 
photon coherence as a function of AL' , in a double-pass 
setup (shown in Fig. [2|, which docs not involve mixing 
of signal and idler photons at a beam splitter. A similar 
setup was used earlier to demonstrate frustrated two- 
photon creation [7]. In this setup, there are many ways in 
which AL and AL' could be varied either independently 
or simultaneously, by displacing the signal (M s ), idler 
(Mi), and pump (M p ) mirrors. In our experiments we 
change only the signal and idler mirror positions. 

In the balanced position of the setup of Fig. [2] the 
distances of the signal, idler, and pump mirrors from the 
crystal remain equal. We denote the displacements of 
the signal and idler mirrors from the balanced position 
by x s and Xj, respectively. Using the two- photon path 
diagrams (lower part of Fig. [2]) , we find that AL — x s + 
Xj, AL' = 2x s — 2xj, and Acj> — tt. Assuming AL to 
be always much smaller than the pump coherence length 
^coh' w hich in our experiment is about 5 cm, we calculate 
the coincidence count rate Rab for detectors Da and Db 
using Eq. (2j a.s 

Rab = C{ 1 - 7 '(2x s - 2x 2 ) cos [k (x a + x,-)] }■ (5) 



A displacement of cither the signal or idler mirror changes 
both AL and AL'; therefore the coincidence count rate 
Rab will show fringes as a function of the idler mir- 
ror position. However, equal displacements of the signal 
and idler mirrors in opposite directions change AL' while 
keeping AL (= x s + Xj) fixed; and therefore, the coinci- 
dence count rate Rab will show either a dip or a hump 
as a function of the joint displacement, depending on the 
fixed value of AL. 

Figure [3] shows the results of our experimental inves- 
tigations. A cw Ar-ion laser operating at Ao = 363.8 nm 
was used as a pump to produce degenerate type-I PDC. 
The signal and idler photons were collected into multi- 
mode fibers and detected using two avalanche photodi- 
odes. The distance between the crystal and each detector 
was about 1.2 m. With the diaphragms set to a size of 
about 1.2 mm, the effective bandwidth of the signal-idler 
field becomes 0.85 nm, resulting in a coherence length 
^coh of about 100 fxm. 

The idler mirror was first scanned around the balanced 
position and as a result fringes were observed in the coin- 
cidence count rate Rab [Fig. |3ja)] . Next, the idler mirror 
was placed at different fixed positions corresponding to 
different values of AL, as shown in Fig. |3ja) and in the 
inset, where m is an integer. Starting from each idler mir- 
ror position, the signal and idler mirrors were displaced 
equally in opposite directions. Dip and hump profiles 
of width 100 fim were observed in the coincidence count 
rate Rab [Fig. gd)]. 
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In addition, profiles similar to that of the coincidence 
count rate were also observed in the single photon count 
rates Ra and Rb- As a function of the idler mirror po- 
sition, fringes were observed in the count rates of Ra 
[Fig.[3pt>)] and Rb [Fig.[3jc)]; and as a function of the si- 
multaneous displacements of the signal and idler mirrors, 
dip and hump profiles of width 100 were observed in 
the count rates Ra [Fig. |3je)] and Rb [Fig. pjtf)]. 

These one-photon effects cannot be described by 
second-order (in the field) coherence theory [18] , because 
the one-photon path-length differences involved in these 
experiments are much longer than the coherence lengths 
of the one-photon fields. Interference effects in one- 
photon count rates have previously also been observed 
in many two-photon experiments including induced co- 
herence [B] , frustrated two-photon creation [7| , and inter- 
ference experiment from separate pulses [10] . Although 
these one-photon effects have been interpreted differently, 
they can all be described entirely in terms of the sum of 
two-photon interference profiles. Thus, we represent the 
one-photon count rate i?x at a detection position X as 
the sum of the coincidence count rates i?xYi between X 
and all the other positions to which the twin of the 
photon detected at X can go, i.e., 

Rx = Y, R ™ i - (6) 

i 

Summing over the detector positions Ry { in Eq. |6]) is 
the same as taking the partial trace over all the possible 
modes of the twin. The summation turns into an integral 
whenever the twin has finite probabilities of arriving at 
a continuous set of detection points. 

Now, for the setup in Fig. [2j the twin of a photon de- 
tected at Da can go only to Db, and vice versa. There- 
fore, using Eq. (JsJ we find that the one-photon count 
rates Ra and Rb are each equal to the coincidence count 
rate Rab- Hence, as a function of either AL or AL', the 
one-photon count rates show profiles similar to that of 
the coincidence count rate. 

The dip- hump visibilities for Rab j Ra and, Rb were 
found to be 67%, 18%, and 15%, respectively. The over- 
all interference visibilities are low due to imperfect mode 



matching of the fields in the two alternatives. The visi- 
bilities of one-photon count rates are much smaller than 
that of the coincidence count rate, because of the limited 
detection efficiency of the system, which affects the one- 
photon count rate more strongly than the coincidence 
count rate. The less than perfect experimental fits are 
due to the uncontrollable drifts of translation stages. 

We see that both in this experiment and in the HOM 
[2] and HOM- like [5J [3] experiments the same effect, 
that is, the change in two-photon coherence as a func- 
tion of the biphoton path-asymmetry-lcngth difference, 
is observed. However, in our experiment — in contrast to 
the earlier experiments this effect is observed in a setup 
that does not involve mixing of signal and idler photons 
at a beam splitter. Moreover, to the best of our knowl- 
edge, we have observed for the first time that the changes 
in two-photon coherence can manifest themselves in the 
count rates of individual detectors as dip and hump pro- 
files. 

In conclusion, we have constructed two length param- 
eters to describe two-photon interference involving the 
biphotons created by PDC. We have shown that temporal 
two-photon coherence depends only on these two param- 
eters and that two-photon interference effects, including 
one-photon interference effects observed in certain two- 
photon experiments, can be fully characterized in terms 
of these two parameters. We have performed an experi- 
ment in which the variation of these two parameters could 
be independently controlled and studied. We have fur- 
ther reported experimental observations of HOM-like ef- 
fects both in coincidence and in one-photon count rates, 
and we have argued that HOM and HOM-like effects can 
be best understood as observations of how two-photon 
coherence changes with a variation in the biphoton path- 
asymmetry-length difference. 
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